ABSTRACT: The wettability of solid surfaces is of fundamental scientific interest and related to many diverse chemical and physical phenomena at the heart of practical technologies. In particular, the hydrophilicity of the photocatalytically active metal-oxide TiO 2 has attracted considerable attention for many applications. However, the intrinsic hydrophilicity of Ti-oxide surfaces is not fully understood. In this work, we investigate the intrinsic hydrophilicity of Tioxide surfaces on the atomically stable (√13 × √13)-R33.7°S rTiO 3 (001) surface. The surface has a TiO x double layer on a TiO 2 -terminated SrTiO 3 (001) surface, which is available as a surface marker to assess the atomic-scale structural stability of the surface. Both experimental and theoretical results show that Ti-oxide surfaces are intrinsically superhydrophilic with a water contact angle of ∼0°. The results show that airborne surface contamination is the most significant factor affecting the wettability of titania surfaces, strongly supporting the contamination model for explaining the mechanism of photoinduced superhydrophilicity observed on titanate surfaces. We emphasize that the effect of airborne contamination has to be carefully evaluated when investigating the wettability of surfaces.
■ INTRODUCTION
Wettability of solid surfaces is of fundamental chemical and physical interest in adhesion, coatings, and antifouling. It is also an important parameter in microelectronic fabrication and device performance, in energy conversion systems, and in phase change heat transfer. 1 In particular, the interface between titania and water has attracted considerable attention in energy-related research fields, such as the development of photocatalysts, 2 photoelectrochemical 3 and photovoltaic cells, 4 and self-cleaning surfaces. 5 Since the original discovery of photoinduced hydrophilicity, 6 a large number of papers have discussed the mechanism behind the phenomenon, 7 and reported ways of controlling surface wettability by light, heat, and electric field. 8 Due to the inexpensive, abundant, and nontoxic nature of TiO 2 , the range of applications of titania has expanded in the past two decades. Nevertheless, the intrinsic hydrophilicity of the TiO 2 surface has proven to be difficult to determine, even though it is a prerequisite for understanding the phenomenon of photoinduced hydrophilicity.
In this work, (√13 × √13)-R33.7°(hereafter denoted (√13 × √13) for brevity) reconstructed SrTiO 3 (001) crystals were used as a platform for investigating the intrinsic hydrophilicity of surfaces terminated with a Ti oxide layer. This particular surface reconstruction was found to be atomically stable in water, with water molecules adsorbing molecularly, without chemical reactions. The presence of the (√13 × √13) reconstruction can be easily verified by surface diffraction or scanning probe microscopy, making it a convenient marker of an unchanged surface structure when a crystal is exposed to various ambient conditions. While various types of reconstructions have been reported to form on SrTiO 3 (001) surfaces, 9−12 the (√13 × √13) reconstruction has been recognized as being thermodynamically one of the most stable. The thermodynamic and chemical stability of this reconstruction stems from a TiO x double layer termination of the SrTiO 3 (001) crystal, 13, 14 which means that the hydrophilicity characteristics of this surface are not specific to SrTiO 3 but can be viewed as being more widely representative of titaniaterminated surfaces.
The surface structure and the hydration structure were studied by electron diffraction and atomic force microscopy (AFM). The hydration structure was also simulated by density functional theory molecular dynamics (DFT MD) and classical MD. The simulations support the experimental observation that the (√13 × √13) SrTiO 3 (001) surface is stable in water and displays an extremely low level of dissociative adsorption of water molecules. Despite the weak interaction between the surface and water molecules, the (√13 × √13) surface exhibited superhydrophilicity when the surface was clean and protected from airborne contamination. Since (√13 × √13) is one of the most stable titania terminated surfaces, most titania terminated surfaces are expected to be intrinsically superhydrophilic. Our results highlight the significant role of ubiquitous airborne surface contaminants in determining the wettability of solid surfaces and show that the effect of contamination cannot be ignored when measuring or discussing the mechanisms of surface hydrophilicity.
■ METHODS Experimental Section. SrTiO 3 (001) single crystals (Shinkosha) were chemically etched in buffered HF to obtain Sr-free TiO 2 -terminated step-and-terrace surfaces. 15, 16 The reconstructed (√13 × √13) SrTiO 3 (001) surfaces 14 were prepared by annealing the wet-etched 0.2°miscut SrTiO 3 substrates in a laser heating system that allowed rapid sample temperature changes in an ultrahigh vacuum chamber (background pressure 10 −8 Torr). 17 The presence of the (√13 × √13) reconstruction was verified by reflection high-energy electron diffraction (RHEED), which was performed in the same vacuum chamber at an acceleration voltage of 25 kV and a glancing angle of ∼2°. The surface morphology was analyzed in air by amplitude-modulation atomic force microscopy (AM-AFM) while the hydration structure was observed in water by frequency-modulation atomic force microscopy (FM-AFM). The FM-AFM measurements were conducted at 23°C under atmospheric pressure. During the measurements, a sample and the AFM cantilever were immersed in a 50 mM KCl aqueous solution prepared from KCl (99.5%, Nakarai) and Millipore water. The electrolyte was added in order to reduce the width of the electric double layer near the solid surface (Debye length), which is important for stabilizing the FM-AFM image acquisition. 18 The resonant frequency of the Si cantilever (Nanosensors, NCH) with a nominal spring constant of 40 N m −1 was 130−150 kHz and the quality factor (Q) of resonance in water was 10. The water contact angle was evaluated using 2 μL (±0.03 μL) of Millipore water on the sample surface introduced via a micropipette (M & S Instruments, P2) at 20°C
and RH ∼ 50%. Theoretical Calculations. To gain an understanding of the atomic-scale hydration structure of the (√13 × √13) surface, we performed quantum-mechanical DFT MD and classical MD simulations of the solid−liquid interface. The DFT MD simulations were performed using the CP2K code. 19 We used the PBE functional 20 with the D3 dispersion correction 21 for exchange and correlation, and a localized Gaussian-type double-ζ basis with polarization orbitals (DZVP) for expanding the electronic orbitals. 22 The simulated SrTiO 3 crystal slab had a total thickness of 21 Å in the periodic supercell, with a 14 Å thick layer of water between periodic slab surfaces, adjusted to give overall the experimental density of water (1 g/cm 3 ). Each slab face comprised one unit cell of the (√13 × √13) reconstruction. The time step used in the simulation was 0.5 fs, and the duration of the run was 10 ps, of which the first 5 ps were discarded as an equilibration period. The DFT MD simulation was performed in the NVT ensemble at 300 K using the Nose−Hoover chain thermostat 23 with three nodes and a time constant of 20 fs to control the temperature.
The classical MD simulations were performed using empirical pair potentials within the LAMMPS code. 24 Interactions between atoms within the crystal were modeled using a Buckingham potential, and crystal-to-water interactions were computed using a 12−6 Lennard-Jones potential. 25 The TIP3P 26 model was used for bulk water. The periodic simulation comprised a (√13 × √13)-terminated SrTiO 3 (001) slab of 3 nm thickness with 2 × 2 unit cells of the reconstruction on each surface, and a 14 nm layer of bulk water between the slab surfaces. The simulation was run for 0.5 ns with a time step of 1 fs in the NPT ensemble at 300 K at ambient pressure using the Nose−Hoover chain thermostat. Details of the classical simulation setup can be found in the Supporting Information.
■ RESULTS AND DISCUSSION Surface Characterization. The (√13 × √13) SrTiO 3 (001) surface was reproducibly obtained by a multistep annealing procedure illustrated in Figure 1a . Following the recipe reported in ref 14, a SrTiO 3 (001) single crystal was first annealed at 500°C at an oxygen pressure of 10 −5 Torr for 10 min to remove carbon contamination from the surface. The crystal was then annealed at 850°C for 30 min to obtain the TiO x double layer crystal termination and the associated (√13 × √13) reconstruction structure, and subsequently heated to 1000°C for 3 min. The brief high-temperature annealing was The Journal of Physical Chemistry C Article important for sharpening the step edges, while still keeping the oxygen vacancy density as low as possible.
14 After the brief high-temperature step, a final anneal at 850°C was used to stabilize the (√13 × √13) structure. The sample heating and cooling rates were 50°C/min. A characteristic RHEED pattern of the (√13 × √13) reconstruction observed after cooling to room temperature is shown in Figure 1b . The pattern is consistent with earlier reports.
14, 27 The region where the higher-order diffraction spots associated with the (√13 × √13) periodicity appear is marked with a red line in Figure 1b . The (0 0), (0 1), and (0 1̅ ) diffraction spots on the zero-order Laue circle belong to the underlying (1 × 1) lattice of the SrTiO 3 crystal. A typical RHEED pattern of nonreconstructed SrTiO 3 (001) is shown in Figure S4 . The step-and-terrace morphology was clearly observed by AM-AFM (Figure 1c ). The step height was 4 Å, corresponding to the lattice constant of SrTiO 3 (a = 3.905 Å).
The stability of the atomic structure of the (√13 × √13) reconstruction upon exposure to water and air was confirmed by RHEED and AFM. Figure 1d shows the RHEED pattern observed after immersing a (√13 × √13) reconstructed SrTiO 3 crystal in water at 20°C for 1 h and reloading the sample back into the vacuum chamber. Although the RHEED intensity became weaker after water and air exposure, the characteristic RHEED pattern of the (√13 × √13) surface remained visible even after the water exposure (Figure 1d ), indicating that the atomic order of the (√13 × √13) reconstruction is stable and no structural degradation occurs even on a single atomic layer scale at the surface. The excellent stability of the (√13 × √13) reconstruction is quite unusual. Although several types of reconstructions are known to form upon annealing SrTiO 3 (001) surfaces, many of the reconstructions are related to the segregation of Sr on the surface.
9−12 Since Sr is rapidly removed from the surface by water exposure, 28 such reconstructions are fragile (See Figure  S5 ). The reason for the intensity change in the RHEED pattern is surface contamination. As can be seen from the FM-AFM image in Figure 1e , the step-and-terrace structure was stable in water despite slight particulate contamination.
The robustness of the (√13 × √13) structure may be attributed to the unique TiO x network on the surface. The (√13 × √13) structure is composed of a TiO x double layer that terminates the crystal with a two-dimensional tiling of edge-or corner-sharing TiO 5 units, 13 as illustrated by VESTA 29 in Figure 2a , stabilizing the dangling bonds on the surface. As suggested by RHEED, the fact that the (√13 × √13) atomic structure remains intact even in water was confirmed by FM-AFM. Figure 2b shows a topographic FM-AFM image of the (√13 × √13) surface measured in water. The atomic-scale structure was not clear in the raw topographic image, but 4-fold symmetric spots with 1.4 nm periodicity, consistent with the (√13 × √13) structure, were clearly observed in a twodimensional Fourier-transformed image (Figure 2c) . A low-pass filtered image (Figure 2d ) that was restored by an inverse Fourier transform of the data shown in Figure 2e , showed the expected 1.4 nm periodicity and the 33.7°lattice rotation from the SrTiO 3 [100] direction corresponding to the expected (√13 × √13)-R33.7°structure. We therefore conclude that the atomic structure of the (√13 × √13) reconstructed SrTiO 3 (001) surface is stable in water, as confirmed by ex situ RHEED and in situ AFM observations. Hydration Structure. The relationship between macroscopic hydrophilicity and the microscopic hydration structure is of great scientific interest. Here, the hydration structure of (√13 × √13) SrTiO 3 (001) was investigated by FM-AFM. The FM-AFM technique has been developed in recent years to a level where three-dimensional solvation structures can be visualized on the atomic scale. 30 The resonance frequency shift (Δf) of the cantilever in FM-AFM, which is often observed at liquid/solid interfaces, reflects the local density distribution of the solvent molecules.
18,31 Figure 3a shows a Δf map obtained by measuring the variation of the cantilever frequency shift as a function of distance from the surface and the lateral position on the surface. At least two Δf oscillations can be seen in the vertical direction in the form of lighter and darker horizontal bands in the image (the two minima labeled M1 and M2 are marked with red dotted lines in Figure 3a) . The frequency shift oscillations correspond to local density variations that indicate that there are at least two layers of semiordered water molecules, i.e., hydration layers above the solid surface. Figure  3b shows the Δf-distance curve after averaging over the lateral direction and the corresponding force−distance curve derived using the Sader equation. 32 Force oscillations were observed near the SrTiO 3 surface, with force minima located at ∼0.2 and ∼0.5 nm from the surface. The oscillation period (the distance between M1 and M2) in the force curve was ∼0.3 nm, which is in good agreement with the expected thickness of a water molecule layer (0.2−0.4 nm). 30, 33 It should be noted that the The Journal of Physical Chemistry C Article surface hydrophilicity determined from the water contact angle varied among several (√13 × √13) SrTiO 3 samples that were studied. The hydration layer contrast seen in FM-AFM maps correlated directly with the level of contamination of the surface and the hydrophilicity of a particular sample. Only clean surfaces showed a clearly visible hydration structure as in Figure  3a . Surfaces contaminated by long air exposure were always weakly hydrophilic, and the contrast of the hydration structure was weak or unobservable. The FM AFM measurements of the hydration structure of SrTiO 3 were complemented by DFT MD simulations. Figure 4 shows a snapshot of the simulation supercell consisting of the interface between water and the SrTiO 3 (001) surface. The degree of dissociation was found to be negligibly small on the (√13 × √13) surface, and no stable surface hydroxyl groups were formed, indicating that water molecules adsorb molecularly onto the (√13 × √13) SrTiO 3 surface. In contrast, a high degree of dissociation of water and hence surface hydroxylation was observed on (1 × 1)-terminated SrTiO 3 (001) surfaces for both the TiO 2 and SrO terminations. 34 This finding implies that the chemical stability of the (√13 × √13) structure is high, as suggested by the experimental RHEED and AFM finding that the atomic structure of the surface was preserved even after soaking a crystal in water. The fact that water does not dissociate on the (√13 × √13) surface structure to any appreciable degree suggests that the interaction between water and the (√13 × Figure 5a shows the time-averaged atomic density profiles of Sr, Ti, and O of SrTiO 3 as well as hydrogen (H w ) and oxygen (O w ) in the liquid region at the interface between water and the (√13 × √13) SrTiO 3 (001) surface, together with water density profiles, as found by DFT MD. The water density profile shows two water layers with a spacing of 0.26 nm near the surface, in good agreement with the experimental result of 0.3 nm for the distance between the first two minima in the force curve (Figure 3b) . A more direct comparison between simulation and experiment can be made by computing an approximate AFM force curve from the equilibrium water density using the solvent-tip approximation (STA). 35, 36 The result is shown in Figure 5b , where the analysis is performed on the classical MD trajectory, because this trajectory yields very similar results, yet much improved statistics over the DFT MD one, due to the significantly longer simulation times accessible to classical simulations (see the Supporting Information). The distance between the second and third minima in the force curve in the hydration region is 0.27 nm, in similarly good agreement with experiment as the direct layer-to-layer distance determined from the density alone. In Figure 5c , we visualize the lateral distribution of oxygen ions in the first hydration layer (z = 5 to 8 Å) by plotting the histogram of lateral positions of oxygens in this region. The water molecules largely reside on top of 5-fold coordinated Ti-cations as well as the central cavity of the surface reconstruction. While we find a small accumulation of electronic charge between the Ti cations and the water molecules adsorbed on top of them, the total adsorption energy of only 0.6 eV for this configuration signals physisorption over chemisorption.
Hydrophilicity Measurements. Measuring the degree of intrinsic hydrophilicity of a solid surface can be done by determining the water contact angle. Perfectly clean surfaces can usually be prepared in a vacuum chamber without air or water exposure. However, most reconstructed surfaces that form in vacuum deteriorate rapidly when exposed to water or humidity, which complicates contact angle measurements. Moreover, since the water contact angle is usually measured in air, the measurement results are not reproducible among different experiments as the surfaces are always contaminated by ubiquitous carbonous species in air. This complication has led to a long-standing controversy over the intrinsic hydrophilicity of the Au surface. By carefully analyzing the surface The Journal of Physical Chemistry C Article contamination and observing a vanishing water contact angle of ∼0°within a few minutes of air exposure, Smith finally concluded that the Au surface is intrinsically superhydrophilic. 37 Still, many reports on the hydrophilicity of solid surfaces have ignored the effect of surface contamination when measuring the water contact angle. In fact, the reported values of the water contact angle on TiO 2 (110) in dark conditions varies greatly among experiments from 20°to over 90°. 38−41 Based on the experimental and theoretical results presented above, (√13 × √13) SrTiO 3 (001) can be considered to be highly stable against structural deterioration during air and water exposure. The atomic-scale robustness of the surface makes it appropriate for investigating the intrinsic hydrophilicity of titania-terminated surfaces. The water contact angle of the (√13 × √13) SrTiO 3 surface was measured after different surface treatments, and the results are summarized in Table 1 .
The water contact angle of sample (A) was measured within 1 min of air exposure after preparation of the (√13 × √13) surface in a vacuum chamber through the process illustrated in Figure 1a . In order to eliminate the effect of the sample temperature on the contact angle, the sample was cooled to room temperature before the measurement by storing the sample in the vacuum chamber for over 12 h. Sample (A) showed a water contact angle of <4°. The range below 4°is the lower limit of measurable water contact angle, 40 and hence, surfaces with water contact angles below 4°were classified as superhydrophilic in this study. Sample (B) was otherwise identical to (A), except that (B) was kept in air for over 1 day prior to measurement of the contact angle. The contact angle for (B) was ∼30°, which indicates that the air exposure destroyed the superhydrophilic state. Air exposure contaminates a solid surface with carbonous species, so sample (B) can be assumed to have been coated with carbon-related contamination.
To prove that the observed superhydrophilicity of sample (A), which was prepared by annealing at 1000°C and 10
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Torr of oxygen, is an intrinsic property of the (√13 × √13) SrTiO 3 surface, we had to consider the effects of oxygen vacancies and possible segregated Sr on the surface. 16 To check the effect of oxygen vacancies on the hydrophilicity of a SrTiO 3 surface, an as-prepared (√13 × √13) SrTiO 3 sample was postannealed at 600°C and 10 −1 Torr for 1 h prior to measuring the contact angle (sample (C)). These annealing The Journal of Physical Chemistry C Article conditions are optimal for removing oxygen vacancies without degrading the atomic structure of the (√13 × √13) SrTiO 3 surface. Sample (C) was also superhydrophilic, with a water contact angle below 4°, but subsequent 10 min of air exposure (sample (D)) again destroyed the superhydrophilic state, increasing the water contact angle to ∼20°. Even 10 min of air exposure was thus sufficient to deteriorate the superhydrophilic state, as was the case for the Au surface, 37 but we can conclude that any oxygen vacancies that might have been present in the surface layer after preparing the reconstructed surface did not affect the hydrophilicity.
Annealing SrTiO 3 in oxidizing conditions tends to cause Sr segregation to the crystal surface. Segregated Sr thus coexists on the (√13 × √13) SrTiO 3 surface and may affect the water contact angle. It has been reported that hot water can remove surface Sr species from the SrTiO 3 surface. 42 Any Sr residue that had been on the surface of sample (A) was therefore removed by hot water soaking (>60°C; see Figure S5 ), leading to sample (E). The surface of sample (E) was still highly hydrophilic, meaning that the (√13 × √13) SrTiO 3 surface is superhydrophilic regardless of the existence of segregated Sr clusters on the surface. Similarly to sample (D), the superhydrophilicity of sample (E) was destroyed by air exposure (sample (F)). By annealing sample (F) at 600°C and 10 −1 Torr for 1 h (G), the surface carbonous contamination and oxygen vacancies were removed to the extent possible without triggering Sr segregation.
15 Sample (G) was the cleanest (√13 × √13) SrTiO 3 surface considered here, having minimal Sr-related residues, carbonous contamination, or oxygen vacancies. As expected, sample (G) was superhydrophilic, but after 10 min of air exposure, the hydrophilicity decreased (H), as shown in Figure 6 . The conclusion from these experiments is that all samples exposed to air for more than about 10 min were weakly hydrophilic, whereas clean samples showed superhydrophilicity just after unloading from the vacuum chamber. The results clearly show that air exposure is the dominant effect for degrading the superhydrophilicity of (√13 × √13) SrTiO 3 surfaces, and that the degradation is not related to a structural change, e.g., formation of surface OH groups, in the terminating layer of the crystal.
To further support the above analysis, we link our MD simulations to the predicted contact angle of the surface. In general, the contact angle θ is given by Young's equation as
where γ S and γ L are the solid−vapor and the liquid−vapor interfacial (free) energies, respectively, and γ SL is the interfacial energy of the solid−liquid interface. The spreading parameter S is defined as
From simple thermodynamic considerations, S < 0 means partial wetting of the surface, while S > 0 corresponds to the condition of superwetting with θ = 0. Based on our DFT MD simulations of the (√13 × √13) SrTiO 3 surface with and without water, as well as a simulated system of pure liquid water, the solid−vapor interfacial energy (surface energy) of the isolated (√13 × √13) SrTiO 3 surface without the entropic contribution is 822 mJ/m 2 at 300 K, and the interfacial energy of the crystal with water is 404 mJ/m 2 . From experiment, the liquid−vapor free energy of water (or surface tension) is 72 mJ/m 2 at T = 300 K, 43 which gives a spreading parameter of ∼340 mJ/m 2 (S ≫ 0) for water on (√13 × √13) SrTiO 3 (001). To quantify the effect of entropy on this analysis, we assume that upon adsorption onto the oxide surface, the entropy of water cannot decrease more than it does upon freezing of the liquid (−2.3 × 10 −4 eV/K/molecule). With this assumption, we find a lower limit of 1 mJ/m 2 for S. Hence, our DFT MD simulations predict superhydrophilicity of the surface, in agreement with the present experimental results (see the Supporting Information for a discussion on the accuracy of this result).
The (√13 × √13) SrTiO 3 (001) surface is thermodynamically one of the most stable titanate surfaces. 13 As most ionic crystals have a high surface energy, the fact that (√13 × √13) SrTiO 3 (001) shows superhydrophilicity indicates that Ti oxides and other ionic crystals in general are superhydrophilic, independent of the surface structure. To test this prediction, we measured the water contact angle on SrTiO 3 with other surface terminations and several other oxide surfaces (TiO 2 , Al 2 O 3 , and NdGaO 3 ) and found that these surfaces are also superhydrophilic if the surfaces are free from contamination caused by air exposure (see Figures S6 and S7) .
Photoinduction. Finally, we discuss the mechanism of photoinduced superhydrophilicity observed on titanate surfaces. There is a long-standing controversy on the mechanism behind this effect. Two competing hypotheses have been proposed. The first one is the "surface reconstruction model", which explains the strong hydrophilicity by the appearance of a surface reconstruction induced by a reaction of the crystal surface with water under light exposure. 44 The second hypothesis is a "contamination model", which considers photocatalytic decomposition of organic contaminants on the surface as the main factor governing the phenomenon of photoinduced hydrophilicity, since the hydrophilicity of most clean oxide surfaces should be intrinsically very high due to the large surface energy. 40, 45 Several other proposals have also been discussed. 46, 47 Based on our results presented above, bare titania-terminated surfaces are intrinsically superhydrophilic, as long as the surfaces are not exposed to airborne contamination. This finding clearly supports the contamination model. Although surface reconstructions such as surface hydroxyl groups and light-induced oxygen vacancy formation may affect the hydrophilicity, the appearance of hydrophilicity under light irradiation can be fully understood by the contamination model without having to assume a structural change at the surface. This conclusion is supported by results of several in situ spectroscopic studies. 40,41,45,48−50 ■ CONCLUSION The atomic structure of the (√13 × √13) SrTiO 3 (001) surface was found to be highly stable against air and water exposure, with water molecules adsorbing onto the surface with a negligible degree of dissociation. By utilizing the (√13 × Figure 6 . Images of a water droplet on SrTiO 3 surface corresponding to the conditions of (G) and (H) described in Table 1 .
The Journal of Physical Chemistry C Article √13) structure as a stable surface marker, the intrinsic hydrophilicity of a titania-terminated surface was investigated. The surfaces were thermodynamically stable intrinsically and superhydrophilic as long as the surface was clean and not exposed to airborne contamination. This is likely independent of a particular surface reconstruction, crystal plane, or dopants. We thus conclude that titanate surfaces are intrinsically superhydrophilic due to their high surface energy. This finding strongly supports the contamination model for explaining the mechanism of photoinduced superhydrophilicity observed on titanate surfaces. Our results highlight the critical role of airborne contamination for surface wettability, although the role of such contamination has often been ignored in discussions of hydrophilicity and contact angle measurements. We emphasize that the effect of surface contamination has to be carefully evaluated when investigating the intrinsic hydrophilicity of oxide crystal surfaces.
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